posed to anchor them to the underlying spectrin/actin Rasband and Shrager, 2000). Na ϩ channels become cytoskeleton (Kordeli et al., 1990; Bennett, 1992). ␤2 highly concentrated at nodes of Ranvier, whereas K ϩ subunits help to target ␣ subunits to the surface of the channels cluster in the juxtaparanodal region, where cell, where they greatly increase their levels (Isom et al., they are separated from nodal Na ϩ channels by the 1995). Therefore, the ␤2 subunits of NaCh serve as an glial-axonal paranodal junction. Glial cells direct both integral link between the extracellular and intracellular Na ϩ and K ϩ channel clustering, which occur approxienvironments of the neuron and may play a role in tarmately concurrently during myelination. Na ϩ channel geting or stabilizing NaChs. clustering is induced by Schwann cells in the peripheral
added to the purified RGCs, which had been aged for mm plate. After 6 days, the medium was changed to differentiating medium. Every 3 days, the medium was collected and concentrated, 10 days in culture, and the amount of NaCh clustering and the cells were given fresh medium. The OPC/oligo transition was measured after an additional 3 days. Little clusterrepresents medium from days 6-9 in vitro. Intermediate maturity is ing occurred unless the oligodendrocytes were fully ma- ments that oligodendrocyte contact was not necessary trated OCM, equivalent to 1.5 times the volume in the well, was needed to achieve maximal clustering (Figure for the induction of NaCh clustering along RGC axons, it has been reported recently that Schwann cells cannot 2B). We also optimized the method for preparing OCM. We found that the optimal conditioning time of medium induce clustering unless they directly contact the axon (Ching et al., 1999) . We thus next compared the ability by oligodendrocytes was 3 days ( Figure 2C ) and that the addition of 0.6 mg/ml of bovine serum albumin (BSA) of Schwann cells and oligodendrocytes to induce NaCh clustering along RGC axons (see Experimental Proceto the medium being conditioned consistently increased OCM activity ( Figure 2D ). BSA likely acts by increasing dures). We observed robust clustering when we cultured purified RGCs either directly in contact with purified the stability of the active protein. BSA did not have a direct effect on clustering as assayed by the addition oligodendrocytes or suspended over a feeding layer of purified oligodendrocytes, as expected ( Figure 1C) . of concentrated control medium to RGC cultures. Using these conditions, we found that we could rapHowever, purified Schwann cells only induced clustering along RGC axons when we cultured them directly in idly and effectively induce NaCh clustering by treating purified mature RGC cultures with concentrated OCM contact with the RGCs. No significant clustering was elicited when the RGCs were suspended over a feeding prepared from mature oligodendrocytes. An example of the type and extent of clustering we see using this syslayer of purified Schwann cells ( Figure 1C ). We repeated these experiments using purified spinal motor neurons tem is shown in Figure 3 . RGCs treated by OCM for 2 days typically had several axons, each with a prominent (SMNs) rather than RGCs ) and once again found that oligodendrocytes elicited NaCh clushillock/initial segment region, as well as multiple clusters along each axon. Few clusters along RGC axons formed tering regardless of contact, whereas contact was necessary for Schwann cell-induced clustering (data not in the absence of OCM except for hillock regions that were already present at the time of RGC isolation shown). These results show that unlike oligodendrocytes, Schwann cells must contact axons to induce clus-(Kaplan et al., 1997). In the rest of the experiments in this study, we used this rapid assay system to charactertering.
ize how NaChs cluster.
Development of a Short-Term Assay for Induction of NaCh Clustering
Effect of Oligodendrocytes on Expression Based on the results of the maturation experiments, we of NaCh ␣ and ␤ Subunit Types next developed a short-term assay for NaCh clustering.
We first used this culture system to investigate which We found that adding OCM to aged RGCs induced maximal clustering by 2 days (Figure 2A ) and that concenNaCh isoforms and subunit types are present in the These cells were oligodendrocytes, and not astrocytes, as judged by an identical pattern of labeling with the specific oligodendrocyte antigenic marker, CC-1, but not with a specific marker of astrocytes, S100␤. The presence of high levels of ␤1 protein, at the expected molecular weight of about 36 kDa, in purified oligodendrocytes was confirmed by Western blotting ( Figure 4J ). Taken together, these findings demonstrate that ␣2 and ␤2 are specifically localized to nodal clusters in developing RGC axons in vitro and in vivo.
Characterization of Oligodendrocyte-Derived Cluster-Inducing Activity
We next used our culture assay to characterize the biochemical nature of the oligodendrocyte-derived clusterinducing activity. We previously found that the oligodendrocyte-derived NaCh clustering inducing activity is a protein that is destroyed by heat and proteases (Kaplan et al., 1997). Using the rapid assay described previously in other bioassays (see Experimental Procedures). In contrast to the cluster inducing activity in optic nerve and brain extracts, which we repetitively found to be clusters. RGCs express several different NaCh ␣ genes highly labile despite protease inhibition, the activity in as well as ␤1 and ␤2 subunits (Westenbroek et al., 1989;  OCM was relatively stable. To determine the approxiFjell et al., 1997). It has recently been reported that ␣6 mate molecular weight of the activity, we centrifuged is the predominant NaCh type at nodes of Ranvier in OCM through Millipore spin concentrators with different adult rat optic nerve (Caldwell et al., 2000) , but it is not nominal molecular weight cutoffs. We found that the known which NaCh types and subunits are clustered in activity is retained by both 10 and 30 kDa filters, but not developing optic nodes or in our RGC cultures. To find by a 50 kDa filter, indicating that the molecular weight out which type of NaCh is present in the clusters, we of the activity is between 30 and 50 kDa ( Figure 5A ). double immunostained OCM-treated RGCs with various rabbit antisera specific for each NaCh type and subunit Role of Electrical Activity in the Development expressed by RGCs, as well as the monoclonal panof NaCh Clusters NaCh ␣ antibody to identify all clusters (see ExperimenNodes are spaced along axons at an interval of 100 tal Procedures). Nearly all NaCh clusters along axons times the axon diameter maximizing conduction velocity and hillocks were stained brightly and specifically by (Hess and Young, 1952; Brill et al., 1977) . How is this both the ␣2-and ␤2-specific antisera (Figures 4B and spacing interval achieved? One possibility is that electri-4D). In RGCs that had not been treated by OCM, both cal activity itself controls it. We found that glutamate ␣2 and ␤2 labeling was found diffusely along RGC axons agonists and antagonists, K ϩ depolarization or K ϩ chan-(data not shown). In contrast, ␣1-, ␣3-, ␣6-, and ␤1-nel blockade, and NaCh agonists or antagonists did not specific antisera did not stain initial segments and axosignificantly alter the spacing of NaCh clusters induced nal clusters of OCM-treated RGCs; diffuse light staining along axons by OCM (data not shown). Most of these was observed throughout the cell body and processes treatments also did not alter the amount of clustering of RGCs regardless of whether they had been treated elicited by OCM ( Figure 5B ). However, activation of by OCM ( Figures 4A, 4C, 4E , and 4F). Thus, ␣2 and ␤2 NaChs with veratridine significantly decreased the are selectively localized to nodal clusters along RGC amount of clustering nearly 4-fold ( Figures 5B, 5D , and axons in culture. 5E). 4-Aminopyridine (4-AP), which broadens the width To determine which NaCh types and subunits are loof the action potential by blocking the K ϩ channels that calized to nodal clusters at developing nodes of Ranvier normally repolarize the membrane, also decreased the within the optic nerve, we repeated these double immunumber of clusters by ‫.%05ف‬ Neither veratridine nor nostaining experiments on P14 optic nerve cryosec-4-AP had any effect on cell viability as assessed by tions. Although weak diffuse staining of ␣2, ␣6, ␤1, and the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium ␤2 were all observed along axons, only NaCh ␣2 and bromide (MTT) survival assay. Thus, although altering the subunit ␤2 were localized within the nodal clusters the level of activity has no effect on cluster spacing, (Figures 4G and 4H ). Only very rare ␣6 clusters were increasing Na ϩ influx significantly decreased the amount observed. To our surprise, we also observed bright ␤1 of clustering induced by OCM. Although blockade of Na ϩ influx using tetrodotoxin (TTX), a specific blocker immunoreactivity within many glial cells ( Figure 4I ). (J) To confirm that oligodendrocytes express the NaCh ␤1 subunit, whole cell extracts of oligodendrocytes were run on 10% gel and analyzed by Western blotting using 1:500 polyclonal antibody against the NaCh ␤1 subunit.
of voltage-dependent NaChs, did not increase the amount of clustering but also disintegrated axonal morphology. In contrast, cytochalasin D used in the range amount of NaCh clustering when concentrated OCM was used, we repeatedly found that TTX significantly of 2.5-5.0 g/ml, produced a disintegration of actin filaments, without altering axonal morphology or survival, increased clustering when dilute OCM was used. Because K ϩ -induced depolarization had no effect on clusand nearly completely eliminated NaCh clustering in response to OCM ( Figures 5C, 5F , and 5G). Similarly, NaCh tering, it is likely that the effects of veratridine, 4-AP, and TTX on clustering are mediated directly by Na ϩ clustering was significantly diminished by latrunculin A (1.3-2.5 M; data not shown), which disrupts actin filainflux.
ments by a different mechanism (Allison et al., 1998). Dimethyl sulfoxide (DMSO), used as the solvent for these Role of the Cytoskeleton in NaCh Clustering We next investigated whether an intact cytoskeleton drugs, had no effect on NaCh clustering. Thus, an intact actin cytoskeleton is required for formation of NaCh was required for formation of NaCh clusters in response to OCM by testing the effects of microtubule and actin clusters in response to OCM. filament disrupting drugs. We first performed doseresponse curves with nocodazole and cytochalasin, Role of Protein Synthesis and Vesicular Trafficking in the Formation and Maintenance which induce depolarization of microtubules and actin filaments, respectively, to identify the concentrations of OCM-Induced NaCh Clusters To determine whether protein synthesis is necessary for that would disrupt these cytoskeletal elements without impairing survival as assessed by the MTT assay. NocoNaCh clustering, RGC cultures were treated with 70 M cycloheximide (CHX), a concentration previously deterdazole used in the range of 0.6-5.0 g/ml during the 2-day exposure of RGCs to OCM slightly reduced the mined to block protein synthesis in RGCs without per- To determine whether vesicular trafficking is also necclustering. To determine whether protein synthesis or vesicular essary for the development of NaCh clusters in the OCMexposed RGCs, we treated the cultures with 5 g/ml trafficking is required to maintain NaCh clusters after they have formed, we induced RGC clustering by OCM BFA for 1 hr in order to block vesicular trafficking (Jareb and Banker, 1997). BFA blocks vesicular trafficking by treatment for 2 days and then rinsed away the OCM before adding BFA or CHX for 2 days. Neither drug redistributing Golgi coat proteins to the cytosol, inhibiting vesicular traffic from the Golgi complex and decreased the number of clusters that had been induced by prior OCM treatment ( Figure 6F ). Thus, protein syncollapsing the Golgi complex into the endoplasmic reticulum. We confirmed the effectiveness of BFA by immuthesis and vesicular trafficking are required for the formation but not the maintenance of OCM-induced NaCh nostaining treated RGCs with an anti-P115 Golgi protein (118 kDa) monoclonal antibody. The Golgi complex in clusters.
Effect of OCM on Total, Surface, and Functional Levels of NaChs OCM might induce clustering either by increasing the synthesis of new NaChs that then need to be transported to the cell membrane, by increasing the synthesis and trafficking of a non-NaCh protein required for NaCh clustering, or by clustering diffusely distributed channels that are already present on the plasma membrane. To distinguish between these possibilities, we next investigated whether oligodendrocytes increase total or surface levels of NaCh protein or voltage-dependent sodium current. As shown in Figure 7A , NaCh protein levels were compared by Western blotting of whole-cell extracts prepared from control RGCs and from OCMtreated RGCs. The blots were probed with a pan-NaChdirected monoclonal antibody, which recognizes the ‫062-022ف‬ kDa ␣ subunits of all known NaChs identified to date (see Experimental Procedures). Blots were then reprobed with an antibody to p115, a resident Golgi protein, to ensure equivalent loading of protein in the lanes. Although the RGCs that had been exposed to OCM had a 4-fold increase in clustering activity, their level of NaCh protein was not significantly different than untreated RGCs ( Figure 7A ). If NaCh protein in RGCs normally has a high turnover rate, however, OCM might induce clustering by targeting or anchoring newly synthesized NaCh protein at nodes of Ranvier without affecting total NaCh levels. In this case, treatment with CHX would be expected to reduce total NaCh levels in RGCs. Exposure to CHX over 2 days, however, had no appreciable effect on total NaCh expression in RGCs, either in the presence or absence of OCM ( Figure 7C ; data not shown). Taken together, these data show that oligodendrocytes are not inducing NaCh clustering by increasing the total levels of NaCh ␣ protein and that CHX is not blocking clustering by reducing NaCh levels. voltage-dependent Na ϩ current (Figures 7M and 7N) . Taken together, these data suggest that oligodendrocytes induce clustering of NaChs already on the mem- brane, rather than incorporating newly synthesized closer to 230 kDa, as expected. Thus, OCM does not trigger clustering by turning on or switching expression NaChs or NaChs recruited from an intracellular store.
We next investigated whether oligodendrocytes might of NaCh ␣ types or ␤ subunits. As OCM is insufficient to trigger surface accumulation trigger NaCh clustering by inducing a switch in which NaCh ␣ protein was expressed or by turning on the or clustering of ␣6 or ␤1, we wondered whether direct glial contact by astrocytes or oligodendrocytes would. expression of a ␤ subunit. We performed Western blotting on extracts isolated from RGCs that had or had not
We cocultured purified P8 RGCs directly on top of mixed optic nerve glial cells. After 2 weeks, we immunostained been treated by OCM. We found that NaCh ␣2, ␣6, ␤1, and ␤2 proteins are all expressed by RGCs regardless the cultures with either the NaCh ␣6 antiserum or the pan-specific NaCh ␣ antibody. Many clusters along RGC of whether they have been treated by OCM (Figures 7E,  7G, 7I, and 7K) . Interestingly, the ␤1 protein within RGCs axons were detected by the pan-specific NaCh ␣ antibody, but NaCh ␣6 immunoreactivity remained diffusely ran as a doublet at 45 kDa, the molecular weight of the ␤1A splice form (see Discussion). To our surprise, localized along axons and entirely unclustered (data not shown). Although glial-axonal contact occurs under however, we found that only ␣2 and ␤2 were present in the RGC membrane and accessible to surface biotinylathese culture conditions, myelination does not (MeyerFranke et al., 1999). These findings indicate that the tion, whereas ␣6 and ␤1 were both entirely intracellular ( Figures 7F, 7H, 7J, and 7L) . Note that the molecular clustering of NaCh types ␣2 and ␣6 along RGC axons is differentially controlled; a soluble signal from oligoweight of ␣2 was ‫062ف‬ kDa, whereas that of ␣6 was dendrocytes is sufficient to induce ␣2 and ␤2 clustering, clustered at developing nodes in vivo. Like ␣6, ␤1 immunoreactivity was diffusely distributed at low levels difbut neither soluble nor contact-mediated glial signals, in the absence of myelination, are sufficient to trigger fusely along axons but did not become clustered. Thus, ␣2 and ␤2, but not ␣6 or ␤1, are clustered together at ␣6 or ␤1 clustering.
developing CNS nodes in vivo. It remains unclear whether either ␤1 or ␤2 are clustered at nodes of Ranvier Discussion in the adult CNS. Fortunately, we found that the purified developing RGCs in culture behaved similarly to RGCs NaCh Clustering Depends on Retinal Ganglion in vivo. In vitro, we observed expression of all four ␣ Cell and Oligodendrocyte Maturation subunits (␣1, ␣2, ␣3, and ␣6) that they normally express, In this article, we have investigated the identity of the as well as of ␤1 and ␤2. In addition, ␣2 and ␤2 were nodal ␣ and ␤ isoforms in developing optic nerve nodes present diffusely along axons but were induced to clusof Ranvier and the mechanisms that control their clusterter together by OCM. This culture preparation provided ing. We found that P8 RGCs must be aged in culture us with a way to study the mechanisms that induce the for 1 to 2 weeks, equivalent to the time of peak node of clustering of ␣2 and ␤2. Ranvier formation in the developing optic nerve, before they are able to cluster their NaChs in response to oligodendrocytes. Similarly, we found that oligodendrocytes
The Clustering of NaCh ␣2 and ␣6 at Developing Nodes Is Differentially Controlled must each achieve a sufficient degree of maturation in order to provide an effective NaCh cluster inducing All clustering of NaChs within the developing optic nerve is under the control of oligodendrocytes (Kaplan et al., signal. Previous studies have shown that during normal development, the increase in NaCh ␣ and ␤ subunit 1997). Our findings, however, provide three lines of evidence that the clustering of ␣2 and ␣6 NaChs is differenlevels and their association and appearance on the cell surface are prolonged events that do not reach maturity tially controlled. First, ␣2 and ␣6 cluster sequentially at different times in optic nerve development, with ␣2 until more than 2 weeks after birth (Schmidt et al., 1985; Schmidt and Catterall, 1986; Wollner and Catterall, 1986;  clustering beginning prior to ␣6 clustering. Second, only the first phase of clustering involving ␣2 channels can Wollner et al., 1988). Our findings, taken together with these previous studies, suggest that RGCs must achieve be elicited in our culture system by OCM. Third, ␣2 and ␤2 are present on the surfaces of RGCs in culture where a certain level of NaCh expression and surface localization for nodal NaCh clustering to occur. they can be triggered to cluster by oligodendrocyte conditioned medium, whereas ␣6 and ␤1 are localized enUsing these findings, we developed a culture system in which rapid formation of NaCh clusters could be elictirely intracellularly, where they can not be triggered to cluster. Thus, an as yet to be identified extracellular ited. NaCh clusters develop within 2 days when mature RGCs are stimulated by concentrated conditioned mesignal must be needed to induce ␣6 translocation or retention at the nodal plasma membrane. dium prepared from matured oligodendrocytes that have been aged in culture to an equivalent stage when What triggers ␣6 clustering during normal optic nerve development? The need for oligodendrocytes to induce they would be stimulating nodal clustering in vivo. This rapid assay system should prove useful for future studclustering of all NaCh types during optic nerve development (Kaplan et al., 1997), the fact that we could not ies addressing the molecular basis of NaCh clustering as well as the cell-cell interactions that normally regulate induce ␣6 clustering under culture conditions in which myelination does not take place, taken together with myelination and node of Ranvier formation. the late developmental appearance of ␣6 clustering, all suggest that myelination may be crucial, just as it is Developing Nodes in the Optic Nerve Express ␣2 necessary for the clustering of juxtaparanodal K ϩ chanand ␤2 Subunits In Vitro and In Vivo nels (Wang et al., 1995; Dupree et al., 1999). A recent NaCh ␣6 (Na v 1.6) is the predominant nodal isoform in study has observed the sequential appearance of these the adult nervous system, including the rat optic nerve NaCh types from development to adulthood in the optic (Caldwell et al., 2000) , but we found that this protein is nerve and correlated it with myelination (T. Boiko et al., not concentrated in developing nodal clusters in the P14 this issue). These investigators found that ␣2 was found optic nerve. We observed both ␣6 and ␣2 immunoreacin clusters early during myelination, whereas ␣6 was tivity along postnatal RGC axons, but ␣2 was the only found in clusters after myelination and node maturation detectable nodal isoform. These findings indicate that was more advanced. The sequential appearance of ␣2 during development, ␣2 is the first NaCh type to cluster and ␣6 at optic nerve nodes in vivo, along with our at sites of future nodes of Ranvier, but by adulthood, finding that their clustering is differentially controlled in they are replaced by ␣6 channels. It is unclear whether vitro, suggests that two different signals control their this switch is of functional importance, but it seems likely clustering in vivo. A protein secreted by oligodendroas axons grow enormously in radial diameter during cytes controls the clustering of ␣2, whereas myelination development as a result of myelination and by adulthood itself may control the subsequent clustering of ␣6. must sustain firing rates of up to 800 Hz. Similar switches of receptor channel isoforms occur during normal synapse development, altering postsynaptic current ampliNaCh Clustering Requires Actin and Is Regulated by Electrical Activity tudes. Although functional differences between the various ␣ subunits are so far subtle, the properties of the The linkage of voltage-dependent NaChs to ankyrin-3/G and the underlying spectrin-actin cytoskeleton has long ␣6 subunit suggest that it may be specialized to sustain high rates of firing (Smith et al., 1998) . been postulated to be crucial for stabilizing and restricting the lateral mobility of NaChs at clusters (SrinivaWe also found that the NaCh ␤2 subunit was highly san et al., 1988), although direct evidence has been clustering because it takes at least 1 day in vitro for OCM to initiate clustering. We found that inhibition of lacking. An intact actin cytoskeleton has been shown to be crucial for clustering of certain membrane proteins, protein synthesis and vesicular trafficking prevented the formation but not the maintenance of NaCh clusters. including alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamatergic receptors (AlliThe insensitivity of cluster maintenance to these drugs suggests a low turnover rate of the NaChs once they son et al., 1998) and nicotinic acetylcholine receptors (Shoop et al., 2000) , whereas microtubules are essential are formed into clusters due to the stabilizing effect of clustering. As OCM did not alter the total cellular or for the clustering of glycine receptors (Kirsch and Betz, 1995) . We found that microtubule disruption produced surface levels of NaCh ␣ or ␤ expression, OCM does not increase NaCh clustering by upregulating NaCh ␣ little decrease in NaCh clustering, whereas actin disruption abolished the ability of oligodendrocytes to induce or ␤ synthesis or trafficking to the membrane. Thus, OCM induces clustering by triggering the synthesis and NaCh clustering. The need for an intact actin cytoskeleton suggests that OCM may induce clustering of NaChs trafficking of a non-NaCh protein necessary for the induction, but not the maintenance, of NaCh clustering, by inducing them to anchor to the underlying actinspectrin cytoskeleton. This anchoring may be mediated and it does so by inducing the aggregation of NaChs already distributed diffusely on the neuronal plasma by ankyrin-3/G, which binds to NaChs (Malhotra et al. We hope to identify candidate proteins using gene chip studies. excitability and calcium entry. However, the effect of veratridine was not mimicked by prolonged depolarizaThe 40 kDa protein secreted by oligodendrocytes that triggers NaCh ␣2 clustering also remains to be identified. tion using high levels of K ϩ or by glutamate agonists; moreover, the amount of clustering is not altered by However, its small size, the fact that it is secreted, and its ability to trigger new protein synthesis by a retrograde decreasing extracellular calcium levels (our unpublished observations). Thus, the effects of veratridine are most action all suggest that it may be a peptide trophic factor or cytokine. likely due to high levels of Na ϩ influx, which prevent and destabilize NaCh clusters. As Na ϩ influx induces rapid internalization of neuronal NaChs from the cell surface
The 45 kDa ␤1A Splice Form May Be Neuron (Dargent and Couraud, 1990), our findings suggest that Specific, and the 36 kDa ␤1 Splice Form this internalization most likely includes NaChs at nodal May Be Glial Specific clusters. This is surprising as these channels are thought A surprising finding in this study is that oligodendroto be anchored firmly to the cytoskeleton. Thus, the level cytes, which do not express NaCh ␣ isoforms, nonetheof electrical activity in a neuron may normally regulate less express high levels of the NaCh ␤1 subunit protein. with this possibility, ␤1A expression first appears embryonically, coinciding with neuronal generation, whereas synthesis of NaCh ␣ or ␤ subunits, synthesis of a cytoskeletal or other non-NaCh membrane protein rethe 36 kDa ␤1 form appears postnatally, coinciding with oligodendrocyte generation, and eventually predomiquired for the aggregation of NaChs already in the membrane, or vesicular trafficking to recruit NaChs from an nates in whole brain extracts. Why would neurons express ␤1A rather than ␤1? Asintracellular store to the membrane. We initially suspected that new protein synthesis might be required for sociation of ␤1 subunits with NaCh ␣ subunits alters the . Given that we did not observe colocalization of ␤2 with ␣6 in RGCs, these observations are expressed, targeted to the plasma membrane, and found diffusely along developing axons. In the first raise the possibility that contactin might be a ␤2-like subunit for ␣6 that helps to mediate its surface recruitphase, prior to myelination, clustering is initiated by the development of oligodendrocytes, which induce the ment and retainment. It is mysterious why, at about the same time that ␣6 becomes clustered, nodal ␣2 is lost. synthesis of a protein in RGCs necessary for the aggregation of channels already present within the plasma Myelination most likely plays a role, as it markedly downregulates axonal ␣2 levels (Westenbroek et al., 1992) . membrane. This results in the clustering of ␣2 and ␤2 at regularly spaced intervals along the axon. Nodal and Once NaChs are clustered at nodes of Ranvier, why do they not become covered by myelin? Myelin spreading internodal domains are not initially specified as a result of astrocyte contact and myelination, respectively, but might be inhibited by high levels of polysialic acid on nodal NaChs (Zuber et al., 1992) , as polysialic acid has rather the CNS neuron defines and spaces these domains along its axons prior to glial contact, defining been shown to block myelin ensheathment (Meyer- (Alomone, Jerusalem, Israel) was added to the medium at a final mg/ml, A4161; Sigma). After a 3-day incubation, the medium was concentration of 1 M. Veratridine (Calbiochem) was added to the spun at 3500 rpm for 30 min at 4ЊC through a 10 kDa molecular medium at a final concentration of 2 M. The dosages and efficacy weight cutoff filter (Millipore, Bedford, MA). A 1 ml equivalent of the of the drugs was confirmed using electrophysiology. concentrated OCM was added to the RGCs in 24-well plates for 2 days, and a 4.5 ml equivalent of the OCM was added to the RGCs in six-well culture plates for 2 days in all of the experiments deDrug Treatment: The Role of the Cytoskeleton in NaCh Clustering scribed. The OCM concentration value for the six-well plates was adjusted for the cell density and the volume of media in six-well To assess the role of the cytoskeleton in NaCh clustering, we added OCM and either cytochalasin D, latrunculin A, or nocodazole to the plates relative to 24-well plates. We found that the Millipore Ultrafree concentrator was most effective.
RGCs. After 2 days, the RGCs were immunostained with the pan-NaCh antibody for cluster visualization and quantification. CytochaWestern Blot Analysis Western blotting was done as previously described (Meyer-Franke lasin D (1 mg/ml stock in DMSO; Sigma) was added to the medium at a final concentration of either 2.5 or 5 g/ml. Latrunculin A (5 mM et al., 1998). Blots were probed with 1 g/ml monoclonal antibodies against pan-NaCh ( developing and adult mouse. Glia 9, 57-69.
